Isoalantolactone (IAL) is a sesquiterpene lactone extracted from roots of Inula helenium L and has shown anti-inflammatory effects. In this study we investigated the therapeutic effects of IAL on acute lung injury (ALI) and elucidated the mechanisms underlying its anti-inflammation potential in vitro and in vivo. Treatment with lipopolysaccharide (LPS, 100 ng/mL) drastically stimulated production of inflammatory mediators such as NO, TNF-α, IL-1β, and IL-6 in mouse bone marrow-derived macrophages (BMDMs), which was dose-dependently suppressed by pretreatment with IAL (2.5, 5, 10, 20 μM). We further revealed that IAL suppressed LPSinduced NF-κB, ERK, and Akt activation. Moreover, the downregulation of non-degradable K63-linked polyubiquitination of TRAF6, an upstream transcription factor of NF-κB, contributed to the anti-inflammatory effects of IAL. ALI was induced in mice by intratracheal injection of LPS (5 mg/kg). Administration of IAL (20 mg/kg, i.p.) significantly suppressed pulmonary pathological changes, neutrophil infiltration, pulmonary permeability, and pro-inflammatory cytokine expression. Our results demonstrate that IAL is a potential therapeutic reagent against inflammation and ALI.
INTRODUCTION
Acute lung injury (ALI) is a life-threatening disease that causes high morbidity and mortality worldwide [1] . ALI is characterized by pulmonary inflammation, including injury of the alveolar epithelium and endothelium, lung edema, and infiltration of neutrophils [2] [3] [4] . Regarding less severe conditions, ALI can develop into acute respiratory distress syndrome (ARDS) [5] . As ALI progresses, it can lead to pulmonary complication, with ultimate deterioration of gas exchange and respiratory failure [6] . Therefore, alleviating ALI in the early stage is vital to control respiratory symptoms. It is well known that inflammation is closely associated with ALI [7] . Although various studies have been performed concerning the pathophysiology of ALI in the past decade, few effective methods or medicines have been identified to treat ALI [8] . Consequently, effective drugs and therapies are urgently required.
Lipopolysaccharide (LPS), the major component of the gramnegative bacterial cell wall, can induce the production of pro-inflammatory cytokines and activate various types of cells, including macrophages, epithelial cells, and endothelial cells [9] [10] [11] . LPS components are thought to have an essential role in initiating the inflammatory courses, resulting in ALI [12] . The LPS-induced ALI animal model has been established to explore the mechanism and potential therapies of ALI [13] .
After stimulation, LPS binds to its receptor, Toll-like receptor (TLR) 4, followed by the recruitment of downstream adaptors, such as MyD88 (myeloid differentiation primary response gene 88), tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6), and transforming growth factor-β-activated kinase 1 (TAK1) [14] . TRAF6 is the signaling transducer for both the TNF receptor superfamily and interleukin (IL)-1R/TLR superfamily [15] . TRAF6 delivers the signaling through ubiquitination and interaction with TAK1 [16] , which activates the downstream mitogen-activated protein kinases (MAPKs) and nuclear factor-κB (NF-κB) signaling pathway [17] . TRAF6 contains ring finger domains that are commonly found in ubiquitin ligases (E3) [18] . Ubiquitin itself has seven lysine residues (K6, K11, K27, K29, K33, K48, and K63), each of which can be conjugated to another molecule to form different polyubiquitin chains. The classical ubiquitin-proteasome system is polyubiquitin chains linked through lysine 48 (K48) ubiquitin for degradation. However, some polyubiquitin species are not linked to K48. Among these species, the most abundant is non-degradable K63-linked polyubiquitin chains [19] . K63 polyubiquitination has an essential role in kinase activation in TLR pathways [20] . MAPKs are a superfamily composed of extracellular signal regulated kinase (ERK), c-jun N-terminal kinase (JNK), and p38 MAPK, which are critical in the regulation of inflammation and apoptosis [21, 22] . With LPS stimulation, NF-κB is translocated from the cytoplasm to the nucleus and is activated to cause the transcription of pro-inflammatory genes [23] . In addition, phosphoinositide 3 kinase (PI3K)/AKT, an essential downstream effector of TLR4 signaling, is involved in NF-κB activation [24] .
Chinese herbal medicine has been used to treat human diseases clinically [25] . Sesquiterpene lactones possess many biological activities, including anti-proliferative, anti-inflammatory, and mycobacterial activities [26, 27] . Isoalantolactone (IAL), a sesquiterpene lactone, is extracted from the roots of Inula helenium L. Studies have suggested that IAL has anti-allergic, anti-oxidant [28] , and anti-cancer activities during apoptosis related to the reactive oxygen species-mediated pathway [29] . IAL was reported to improve survival in a sepsis model and exhibit anti-inflammatory activity [30] . However, the pharmacological effect of IAL on ALI and mechanism remain unclear.
In the present study, we evaluated the effects of IAL on LPSinduced lung injury. We found that IAL has anti-inflammatory effects both in vitro and in vivo. Moreover, the ubiquitination of TRAF6 was suppressed by IAL treatment. Our results suggested that IAL might be a potential drug to treat bacterial-induced infection and inflammation.
MATERIALS AND METHODS
Materials and reagents IAL (C 15 H 20 O 2 ; MW, 232.31; purity > 98%) was purchased from TargetMol Co., Ltd (Shanghai, China). Dulbecco's modified Eagle's medium (DMEM), antibiotics (10 000 units/mL penicillin and 10 000 μg/mL streptomycin), 0.25% trypsin, and phosphatebuffered saline (PBS) were purchased from Life Technologies (Grand Island, NY, USA). Fetal bovine serum (FBS) was purchased from EVERY GREEN by Zhejiang Tianhang Biotechnology Co., Ltd (Zhejiang, China). Recombinant murine macrophage colonystimulating factor (M-CSF) was purchased from PeproTech (Rocky Hill, NJ). The bicinchoninic acid (BCA) protein assay kit, nitric oxide (NO) assay kit (Griess reagent), and phenylmethylsulfonyl fluoride (PMSF) were purchased from Beyotime Biotechnology (Shanghai, China). The ReverTra Ace qPCR RT Kit was purchased from Toyobo (Osaka, Japan). LPS, DMSO, and protease inhibitor cocktail were obtained from Sigma (St Louis, MO, USA). The western blotting antibodies, including anti-p-p38, anti-p38, anti-p-JNK1/2, anti-JNK1/2, anti-p-ERK, anti-ERK, anti-p-AKT, anti-AKT, anti-p-p65, antip65, anti-β-actin, anti-Myc-Tag, and anti-HA-Tag antibodies, were obtained from Cell Signaling Technology (Danvers, MA, USA). Antibodies to detect inhibitor of NF-κB (IκB) α and inducible NO synthase (iNOS) were obtained from Santa Cruz Biotechnology (California, USA). Horseradish peroxidase-conjugated goat antirabbit IgG antibody was obtained from Mei5 Biotechnology (Beijing, China). Fluorescein isothiocyanate (FITC)-conjugated antimouse Ly-6G (Gr-1) antibody and the enhanced chemiluminescence (ECL) kit were purchased from eBioscience by Thermo Fisher Scientific (Grand Island, NY, USA). RIPA Lysis Buffer was purchased from GenStar (Beijing, China). Protein-G Agarose beads were purchased from Millipore (Billerica, MA, USA). Enzyme-linked immunosorbent assay (ELISA) kits for mouse TNF-α, IL-1β, and IL-6 were purchased from R&D Systems (Minneapolis, MN, USA).
Cell isolation and cell culture The bone marrow was collected from the femurs of C57/BL6 mice and was cultured in DMEM supplemented with 10% FBS, a 1% penicillin/streptomycin mixture, and 10 ng/mL of M-CSF for 7 days (37°C, 5% CO 2 ). The medium was changed once. Bone marrowderived macrophages (BMDMs) were then collected and washed with PBS. After collection, BMDMs were incubated in DMEM supplemented with 10% FBS and the 1% penicillin/streptomycin mixture (37°C, 5% CO 2 ). HEK293 cells were purchased from ATCC (Manassas, VA) and were cultured in DMEM supplemented with 10% FBS and the 1% penicillin/streptomycin mixture (37°C, 5% CO 2 ).
Quantitative determination of the nitrite levels The Griess reagent was used to determine the nitrite levels. BMDMs were pre-treated with IAL at 0, 2.5, 5, 10, and 20 μM for 30 min before stimulation with LPS (100 ng/mL) for 12 h. The cell culture supernatant was collected, and the Griess reagent was added. The NO levels were measured using a microplate reader (Flex Station 3; Molecular Devices, USA) at the wavelength of 540 nm.
Western blotting analysis Whole-cell lysates were prepared using loading buffer. The lung tissues were homogenized and lysed with RIPA Lysis Buffer plus PMSF. The proteins were separated using SDS-polyacrylamide gel electrophoresis and were transferred onto nitrocellulose membranes for antibody detection. The membranes were incubated with primary antibody overnight at 4°C and then with secondary antibody for 2 h at room temperature. After washing, the signals were detected using an ECL kit. Quantitative analysis was accomplished using ImageJ software (National Institute of Mental Health, Bethesda, MD, USA).
Reverse-transcription PCR BMDMs were stimulated with vehicle or 100 ng/mL of LPS. Total RNA was isolated from the cells or homogenized lung tissues using TRIzol Reagent and was reverse transcribed into cDNA using the ReverTra Ace qPCR RT Kit. For the quantification of cDNA, a StepOne Plus system (Thermo Fisher Scientific, Waltham, MA, USA) was applied for real-time PCR.
The following primers were used: TNF-α, forward 5′-TTCTCATTCCTGCTTGTGG-3′ and reverse 5′-ACTTGGTGGTTTGCTACG-3′; IL-1β, forward 5′-CCAGCTTCAAATCTCACAGCAG-3′ and reverse 5′-CTTCTTTGGGTATTGCTTGGGATC-3′; IL-6, forward 5′-CCACCAAGAACGATAGTCAA-3′ and reverse 5′-TTTCCACGATTTCCCAGA-3′; GAPDH, forward 5′-TGCGACTTCAACAGCAACTC-3′ and reverse 5′-CTTGCTCAGTGTCCTTGCTG-3′.
Enzyme-linked immunosorbent assay BMDMs were pre-treated with IAL at 0, 2.5, 5, 10, and 20 μM for 30 min before stimulation with LPS (100 ng/mL) for 4 h. The supernatant was collected and the production of TNF-α, IL-1β, and IL-6 was measured by using ELISA kits. The concentrations of TNF-α, IL-1β, and IL-6 in bronchoalveolar lavage fluid (BALF) were also determined according to the manufacturer's instructions.
Luciferase reporter assay HEK293 cells were seeded in 24-well plates and were transfected with 0.5 μg of NF-κB luciferase reporter plasmid, 2.5 μg of vector DNA or plasmid DNA (transforming growth factor β-activated kinase binding protein-3 [TAB3], p65, or TRAF6) using 6 μg of polyethyleneimine on the following day according to the manufacturer's instructions. Eighteen hours after transfection, IAL (10 μM) was added and the luciferase activity was determined 6 h later. The promoter activity was analyzed using a Luciferase Reporter Assay Kit.
Immunoprecipitation HEK293 cells were co-transfected with HA-Ubiquitin (HA-Ub) and Myc-TRAF6. After 42 h of transfection, IAL (10 μM) was added. After another 6 h, the cells were washed with cold PBS and lysed on ice with RIPA lysis buffer containing protease inhibitor cocktail. Cell lysates were extracted and a portion was used as input for the Isoalantolactone suppresses LPS-induced inflammation YH Ding et al.
loading control. The remaining lysate was incubated with anti-Myc antibody for 5 h. Protein-G beads were subsequently added and shaken overnight at 4°C. The beads were then eluted with PBS and the protein was released by adding loading buffer. Immunoprecipitated sample and total cell lysate fractions were analyzed by immunoblotting.
In vivo ALI model The 6-to 8-week-old male C57/BL6 mice (20 ± 3 g) were purchased from Slac Laboratory Animal Corporation (Shanghai, China). After acclimation for several days under a specific pathogen-free environment (25°C, 55% humidity, with adequate food and water), the mice were divided randomly into 3 groups (n = 5). IAL (20 mg/kg) or solvent (castor oil: ethanol: physiological saline = 1:1:8) was intraperitoneally injected 13 h or 1 h, respectively, before the intratracheal administration of 5 mg/kg LPS (intraperitoneal injection of 50 mg/kg pentobarbital sodium for anesthesia). The mice were killed 6 h after LPS administration.
To detect the therapeutic role of IAL in ALI, we treated the mice with IAL (20 mg/kg) or solvent (castor oil: ethanol: physiological saline = 1:1:8) 1 h after intratracheal administration of 5 mg/kg LPS. The mice were killed 6 h or 24 h after LPS administration.
Lung tissues and BALF were collected. The left lower lung was entirely fixed with 4% paraformaldehyde and the remaining lung lobes were frozen at − 80°C. All experimental procedures described in this study were approved by the Animal Care and Use Committee of Shanghai Jiao Tong University. The animal experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Histological evaluation
The fixed lung was dehydrated, embedded in paraffin and then sectioned into 5 μm slicesusing a microtome (RM2235; Leica Biosystems, Wetzlar, Germany). Pathological changes were observed using a light microscope (RX51; Olympus Optical Co. Ltd, Tokyo, Japan) at ×200 magnification after hematoxylin and eosin (H&E) staining.
Myeloperoxidase activity assay Neutrophil accumulation was evaluated by myeloperoxidase (MPO) activity. The lung tissue was homogenized and suspended in 0.5% hexadecyl trimethyl ammonium bromide (HTAB) diluted in 50 mM phosphate buffer. After centrifugation, the pellet was resuspended in 0.5% HTAB and the suspension was treated with a freeze-thaw procedure twice. The supernatant was collected and the protein concentration was determined using the BCA protein quantitation kit. Next, 3,3',5,5'-tetramethylbenzidine and H 2 O 2 were added to the supernatant, followed by monitoring of the absorbance changes at 655 nm in 5 min.
BALF analysis
The BALF was centrifuged and the red blood cells were lysed using lysis buffer followed by centrifugation. The remaining cells were washed, resuspended with PBS and counted. FITCconjugated anti-mouse Ly-6G (Gr-1) antibody was added to label the neutrophils. The samples were analyzed using a FACSCanto flow cytometer (Becton Dickinson). FlowJo 7.6 was used to analyze the data.
Statistical analysis Graphpad 5.0 was used to generate all the graphs and statistical analysis. The values were presented as mean ± SEM for at least three independent experiments. One-way analysis of variance followed by the Bonferroni t-test was used to compare the data among multiple groups. P < 0.05 was considered significant.
RESULTS

IAL suppresses the expression of iNOS and inhibits NO production in BMDMs
The chemical structure of IAL is shown in Fig. 1a . To evaluate the effects of IAL in LPS-induced inflammatory responses in vitro, BMDMs were treated with LPS and IAL with the indicated concentrations for 12 h, and released NO was measured. As expected, LPS drastically induced NO secretion from BMDMs into the medium. Treatment of IAL inhibited NO production in a dosedependent manner, with concentrations ranging from 2.5 to 20 μM (Fig. 1b) .
Next, we checked the expression of iNOS, which is responsible for NO production in cells. The data obtained from western blotting showed that pretreatment with IAL (0, 2.5, 5, 10, and 20 μM) inhibited LPS-induced iNOS expression in BMDMs in a dose-dependent manner (Fig. 1c) . IAL at concentrations of 5, 10, and 20 μM showed significant inhibition effects (P < 0.05, Fig. 1d ). These results suggested that IAL could alleviate inflammation via suppressing iNOS expression, thus reducing NO production.
IAL inhibits LPS-induced expression of pro-inflammatory cytokines in BMDMs
To investigate whether IAL affects the production of cytokines related to inflammation in BMDMs, quantitative RT-PCR was performed to check the mRNA expression of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 in BMDMs. The TNF-α, IL-1β, and IL-6 levels were obviously increased upon LPS treatment compared with those of the control group. The results showed that pretreatment with IAL suppressed the mRNA levels of all three cytokines stimulated by LPS (P < 0.05, Fig. 2a, c, e) . Similarly, the protein levels of TNF-α, IL-1β, and IL-6 in BMDMs were reduced upon co-treatment with IAL and LPS in a dose-dependent manner (P < 0.05, Fig. 2b, d, f) .
IAL inhibits NF-κB activation and downregulates the MAPK and Akt signaling pathways in BMDMs It is well established that NF-κB, MAPKs, and Akt have important roles in the inflammation process. Therefore, NF-κB activation was checked by detecting p65 phosphorylation and IκBα expression. MAPK activation was determined by detecting the phosphorylation of p38, JNK, and ERK, whereas the Akt/PI3K signaling pathway was analyzed by checking the phosphorylation of Akt in BMDMs. Our results demonstrated that IAL dose-dependently decreased p65 phosphorylation and increased IκBα expression induced by LPS, suggesting the downregulation of IAL concerning NF-κB activity (Fig. 3) . When checking the MAPK pathway, only ERK phosphorylation was decreased by IAL treatment (Fig. 3) . IAL could also affect the Akt pathway by decreasing Akt phosphorylation (Fig.3) . Altogether, IAL inhibited activation of the signaling transduction molecules, including NF-κB, ERK, and Akt, with the most significant inhibition in NF-κB activation.
IAL suppresses NF-κB activity via targeting TRAF6 To explore how IAL suppressed the NF-κB pathway, we transfected HEK293 cells with TAB3, p65 and TRAF6, three signaling molecules that regulate NF-κB activation. Transfected HEK293 cells were treated with different concentrations of IAL for 6 h, and the luciferase activities were then measured. It was shown that treatment with 20 μM IAL suppressed the activity of NF-κB luciferase reporter driven by TRAF6, but not by TAB3 and p65, suggesting that IAL suppressed the activation of the NF-κB pathway via TRAF6 (Fig. 4a) .
Subsequently, we investigated how IAL inhibits TRAF6 expression. As ubiquitination is an important mechanism to regulate TRAF6 expression, we co-transfected HEK293 cells with Myc-TRAF6 and HA-Ub to induce TRAF6 polyubiquitination. An immunoprecipitation (IP) assay was performed to check the ubiquitination level using anti-myc antibody. The addition of 10 μM IAL was demonstrated to reduce TRAF6 ubiquitination (P < 0.05; Fig. 4b, e) . It was reported that seven lysine residues exist in ubiquitin, one of which is K63, the active site. Therefore, HEK293 cells were cotransfected with Myc-TRAF6 and HA-UbK63 and then were subjected to IP assay. The results revealed that K63-linked polyubiquitination of TRAF6 was reduced under treatment with 10 μM IAL (P < 0.05; Fig. 4c, f) . We also found that IAL has no significant effect on the K48-linked polyubiquitination of TRAF6 (Fig. 4d, g ). These results demonstrated that IAL negatively regulates the NF-κB pathway through hindering K63-linked polyubiquitination of TRAF6.
IAL attenuates LPS-induced ALI
The establishment of the ALI mouse model and IAL treatment procedure are described in "In vivo ALI model" and briefly shown in Fig. 5a . The pathological changes in lung tissues were analyzed by H&E staining. After 6 h i.t. injection of LPS, lung tissue destruction was observed, including pulmonary edema, thickening of the alveolar wall, and inflammatory cell infiltration. On the other hand, treatment with 20 mg/kg of IAL effectively reduced the degree of lung injury (Fig. 5b) . Subsequently, we detected the mRNA level of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 in lung tissues and protein level of these cytokines in BALF using RT-PCR and ELISA, respectively. The results agreed with what we found in BMDMs challenged by LPS. IAL treatment significantly reduced the mRNA expression of TNF-α (P < 0.001, Fig. 5c ), IL-1β (P < 0.05, Fig. 5d) , and IL-6 (P < 0.001, Fig. 5e ), and similar results of the protein level in BALF were obtained (P < 0.001, Fig. 5f-h) .
Moreover, the LPS-induced iNOS expression was decreased in lung tissues by IAL treatment (Fig. 5i, j) . The phosphorylation of p65 was also reduced after IAL treatment (Figs. 5i, k) . These data suggested that IAL not only inhibits inflammatory cytokine production and iNOS expression but also attenuates NF-κB signaling in vivo.
In addition, neutrophils in BALF were labeled with FITC-Gr-1 antibody and were counted by flow cytometry. LPS stimulation increased the percentage of neutrophils from 0.307% to 60.2%, whereas IAL treatment decreased the percentage to 33.9% (Fig. 6a) . The number of inflammatory cells in BALF was counted after red blood cell separation. LPS alone increased the inflammatory cell number in BALF, while the addition of 20 mg/ kg of IAL reduced the effect of LPS (P < 0.01, Fig. 6c ). The accumulation of neutrophils was increased when challenged with LPS. Pretreatment with IAL (20 mg/kg) significantly decreased the percentage (P < 0.01, Fig. 6b ) and number of neutrophils (P < 0.01, Fig. 6d ). Next, MPO activity analysis was performed to determine neutrophil infiltration. Obviously, IAL treatment attenuated neutrophil infiltration caused by LPS challenge (P < 0.001, Fig. 6e ). The total protein concentration in BALF, indicating the pulmonary permeability, was also measured. Consistent with the data of MPO activity analysis, the LPS-increased protein concentration was remarkably inhibited by IAL treatment (P < 0.05, Fig. 6f) .
To evaluate the therapeutic role of IAL in ALI, we carried out an in vivo experiment in which mice were first challenged with LPS for 1 h and then were treated with IAL. Pulmonary permeability and neutrophil accumulation were measured 6 and 24 h after LPS Fig. 1 Isoalantolactone inhibits NO production and suppresses iNOS expression in BMDMs. a Chemical structure of IAL. b NO production analysis of BMDM. c The protein expression of iNOS in BMDM was determined by western blotting. BMDMs were pre-treated with IAL at 0, 2.5, 5, 10, and 20 μM for 30 min before stimulation with LPS (100 ng/mL) for 12 h. The supernatant was collected for NO production analysis, and cell lysates were collected for Western blotting. β-Actin was used as a loading control. d Statistical analysis of iNOS expression in diagrams. The data represent the mean ± SEM of three independent experiments (*P < 0.05, **P < 0.01, and ***P < 0.001)
Isoalantolactone suppresses LPS-induced inflammation YH Ding et al. (100 ng/mL) for 4 h. The data represent the mean ± SEM of three independent experiments (*P < 0.05, **P < 0.01, and ***P < 0.001) treatment. We treated the mice with IAL (20 mg/kg) or solvent 1 h after intratracheal administration of 5 mg/kg LPS. The mice were killed 6 h or 24 h after LPS administration. The procedure is briefly shown in Fig. 7a . The total protein concentration in BALF was elevated after LPS challenge for both 6 h and 24 h, whereas the protein concentration in BALF was decreased in the IAL treatment group (Fig. 7b) . The number of inflammatory cells in BALF was increased after LPS challenge for both 6 h and 24 h. In response to IAL treatment, the amount of total inflammatory cells was reduced (Fig. 7c) . Meanwhile, pulmonary neutrophil accumulation was also reduced with IAL treatment (Fig. 7d ). All these results demonstrated that IAL has both protective and therapeutic effects against LPS-induced ALI.
DISCUSSION
Components of herbal medicines have been widely utilized to treat various diseases. It was reported that alantolactone, a sesquiterpene lactone extracted from I. helenium L, inhibited NO production, iNOS expression, and TNF-α by downregulating NF-κB and MAPK pathways in RAW264.7 cells [31] , making alantolactone a potential therapeutic agent against inflammation [31] . IAL is another lactone isolated from I. helenium L that shares a similar structure with alantolactone. It was reported that IAL could inhibit the production of NO and cytokines in peritoneal macrophages and RAW264.7 cells and protect mice from LPS-induced sepsis by inhibiting NF-κB activation in the liver [30] . However, the underlying mechanism remains unclear. In this study, we further expanded the understanding of the anti-inflammatory properties of IAL using in vivo LPS-induced ALI models and investigated the ubiquitination of TRAF6 to illustrate how IAL inactivates the NF-κB signaling pathway. Inflammation is a mechanism to defend against exogenous pathogens and is involved in various physiological and pathological processes [32] . Various progressive diseases, including ALI, are associated with inflammation. LPS, the primary constituent of Gram-negative bacteria, is a ligand of TLR4 that induces inflammatory syndromes such as multiple organ injury and sepsis [33] . Macrophages have an important role in inflammatory responses via the secretion of pro-inflammatory cytokines and mediators [34] . When stimulated with LPS, macrophages have the capacity to produce high amounts of NO [35] . High levels of NO Fig. 3 IAL inhibits inflammation by deactivating NF-κB, MAPKs, and the Akt signaling pathway in BMDMs. a The protein expression levels of p-p65, p65, IκBα, p-p38, p38, p-JNK, JNK, p-ERK, ERK, p-AKT, and AKT were evaluated by western blotting. BMDMs were pre-treated with IAL at 0, 2.5, 5, 10, and 20 μM for 30 min before stimulation with LPS (100 ng/mL) for 15 min (p-p65, p65, and IκBα) or 30 min (p-p38, p38, p-JNK, JNK, p-ERK, ERK, p-AKT, and AKT). β-Actin was used as a loading control. b Statistical analysis of the above assay in histograms. The data represent the mean ± SEM of three independent experiments (*P < 0.05, **P < 0.01, and ***P < 0.001) are produced in response to inflammatory stimuli and mediate pro-inflammatory and destructive effects caused mainly by iNOS [36] . In this study, we found that IAL inhibited NO production and that the expression of iNOS in LPS-stimulated BMDMs. Meanwhile, during inflammation, excessive pro-inflammatory cytokines are produced in macrophages and have the capacity to initiate and perpetuate the inflammatory response. Among them, the remarkable elevation of TNF-α, IL-1β, and IL-6 expression is Fig. 4 Isoalantolactone suppresses the activation of the NF-κB pathway by downregulating TRAF6 ubiquitination. a HEK293 cells were transfected with TAB3, p65, or TRAF6 together with an NF-κB luciferase reporter plasmid. The cells were treated with or without IAL at different concentrations, and luciferase activity was measured. b-d The extent of TRAF6 ubiquitination in HEK293 cells transfected with Myc-TRAF6 alone, co-transfected with Myc-TRAF6, and b HA-Ub, c HA-UbK63, or (d) HA-UbK48 with or without 10 μM IAL treatment was determined by immunoprecipitation. Cell lysates were subjected to IP with an anti-Myc Ab, followed by western blot analysis with an anti-HA or anti-Myc Ab. Total cell lysates were used as the control (Input). e-g Statistical analysis of TRAF6 ubiquitination in (b-d) histograms. The data represent the mean ± SEM of three independent experiments (*P < 0.05, **P < 0.01, and ***P < 0.001) c-e RT-PCR was performed to evaluate the mRNA expression changes of TNF-α, IL-1β, and IL-6 in lung tissues. f-h ELISA was performed to determine protein production in BALF. i The protein expression levels of iNOS, p-p65, and p65 were evaluated by western blotting. j,k Statistical analysis of iNOS expression and ratio of p-p65/p65 in diagrams. The data represent the mean ± SEM, n = 5 mice for each group (*P < 0.05 and ***P < 0.001) characteristic of transient immune activation in response to bacterial endotoxins [37] . Inhibition of these cytokines provides an important guidance for novel anti-inflammatory agents. In our study, IAL inhibited LPS-induced expression of pro-inflammatory cytokines in BMDMs at the mRNA and protein levels. These effects of IAL on macrophage activation suggest an anti-inflammatory role of IAL in bacteria-induced inflammation.
The inflammatory cytokines released during the inflammation process are reported to be regulated through the activation of MAPKs and the NF-κB signaling pathway [38] . To further investigate the anti-inflammation mechanism of IAL, we evaluated the expression and phosphorylation of MAPKs and NF-κB. Our results showed that IAL inhibited the phosphorylation of NF-κB p65, ERK, and AKT in LPS-stimulated BMDMs. However, the inhibitory effect of IAL on the phosphorylation of JNK and p38 MAPK was not significant. It was reported that IAL could overcome resistance to radiation in UMSCC-10A cells by specifically inhibiting the activation of the Erk1/2 signaling pathway [39] . The MAPKs are activated by phosphorylation caused by specific MAP kinase kinases (MKKs), which, in turn, are activated by MKK kinases [40] . In addition, the ERK pathway is associated with the regulation of cell growth and is activated by upstream MEK1 and MEK2 kinases, whereas the p38 pathway is activated by upstream MKK3 and MKK6, and the JNK pathway is activated by MKK4 and MKK7 [41] . Except for TRAF6, the upstream signals of MAPKs can also be regulated by small G proteins. For instance, Ras can activate the ERK pathway while Rac/Cdc42 can activate p38 and JNK kinases [40, 41] . TRAF6, a representative transcription factor, is activated by TLRs during bacterial or viral infection [42] and is responsible for the transcription of pro-inflammatory cytokine genes, which initiate an inflammatory cascade [43] . Modification of TRAF6 by means of ubiquitination is vital to the TLR-induced BALF was collected to measure the numbers of total cells and neutrophils. e The myeloperoxidase (MPO) activity in lung homogenates was determined. f The total protein concentration in BALF was detected. The data represent the mean ± SEM, n = 5 (*P < 0.05, **P < 0.01, and ***P < 0.001) inflammatory response [16] . The K48-and K63-linked polyubiquitin chains are the most common types of ubiquitin linkages [44] . K48-linked polyubiquitination has a role in proteasomal degradation, whereas K63-linked polyubiquitination has another role in cell signaling and serves as a scaffold to connect the upstream and downstream signaling proteins [45, 46] . TRAF6 contains a RING finger domain that is responsible for its E3 ubiquitin ligase activity of K63 polyubiquitination [47, 48] , promoting the phosphorylation of TAK1 and activation of the IKK-NF-κB pathway [49] . Our results demonstrated that IAL restrains the TRAF6-dependent NF-κB activation using luciferase assay and non-degradable K63-linked ubiquitination of TRAF6 in HEK293 cells.
As macrophages are important inflammatory cells, they are also reported to promote neutrophil infiltration into the lungs and induce lung tissue damage [50] . ALI has caused a high mortality worldwide. However, no effective drugs have been reported thus far. During the pathogenesis of lung inflammatory disorders in ALI, various inflammatory mediators are released by endothelial cells, neutrophils, and macrophages into the alveolar space. Meanwhile, clinical studies indicate that a complex network comprising inflammatory cytokines and chemokines has a major role in the development of inflammatory diseases, including ALI [51] . These cytokines amplify lung inflammation in ALI patients, resulting in alveolar epithelial permeability and pulmonary edema [52] . The neutrophils infiltrate into the lung tissues, leading to the production of pro-inflammatory cytokines, which are secreted by activated alveolar macrophages in ALI/ARDS patients and influence pulmonary gas exchange [2, 53, 54] . In addition, due to the cytokines, the permeability of the alveolar-capillary barrier is increased, resulting in arterial hypoxemia, high protein pulmonary edema and respiratory failure [55, 56] . Based on the effect of IAL on the activation of macrophages in vitro, we speculated that IAL can protect against ALI. LPS has been widely used in experimental ALI models because the intratracheal injection of LPS has been confirmed to imitate the pathophysiologic phenomenon observed in ALI patients [57] . The in vivo analysis performed in the ALI mouse model showed that IAL suppressed the release of pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6, in lung tissues and BALF. These results revealed that IAL might attenuate LPS-induced ALI via inhibiting cytokine production in macrophages. Subsequently, we found that IAL attenuated the symptoms of LPS-induced ALI including neutrophil infiltration into the lung, pulmonary edema and histopathological changes. Both before and after LPS administration, IAL treatment ameliorated ALI and pulmonary inflammation, indicating that IAL have both protective and therapeutic roles in preventing and treating ALI.
In conclusion, the present study showed that IAL, a sesquiterpene lactone, could inhibit the production of inflammatory mediators in LPS-stimulated BMDMs. The inhibitory effect of IAL was partly attributed to the downregulation of non-degradable K63-linked ubiquitination of TRAF6, suppressing the activation of the NF-κB pathway. IAL could also attenuate inflammatory responses in the LPS-induced ALI mice model. Our results suggest that IAL might be a potential therapeutic anti-inflammatory reagent. The total protein concentration in BALF was detected. c The numbers of total cells in BALF were measured. d The numbers of neutrophils in BALF were measured. The data represent the mean ± SEM (n = 5; *P < 0.05, **P < 0.01, and ***P < 0.001)
